The understanding of biomechanical regulation of early heart development in genetic mouse models can contribute to improved management of congenital cardiovascular defects and embryonic cardiac failures in humans. The extracellular matrix (ECM), and particularly fibrillar collagen, are central to heart biomechanics, regulating tissue strength, elasticity and contractility. Here, we explore second harmonic generation (SHG) microscopy for visualization of establishing cardiac fibers such as collagen in mouse embryos through the earliest stages of development. We detected significant increase in SHG positive fibrillar content and organization over the first 24 hours after initiation of contractions. SHG microscopy revealed regions of higher fibrillar organization in regions of higher contractility and reduced fibrillar content and organization in mouse Mlc2a model with cardiac contractility defect, suggesting regulatory role of mechanical load in production and organization of structural fibers from the earliest stages. Simultaneous volumetric SHG and two-photon excitation microscopy of vital fluorescent reporter EGFP in the heart was demonstrated. In summary, these data set SHG microscopy as a valuable non-bias imaging tool to investigate mouse embryonic cardiogenesis and biomechanics.
Introduction
According to the American Heart Association, congenital heart defects (CHD) affect at least 8 per 1000 live births in the USA, and 1 in 150 adults have a form of CHD [1] . In order to improve our understanding of normal heart development, and enhance prevention and treatment of CHD, robust investigation of heart development in mammalian vertebrate models is essential.
All vertebrate hearts start with two bi-lateral heart fields derived from the mesoderm. They form myocardial vessels, that merge and twist on each other to make a linear heart tube. The linear heart expands, loops, and remodels to successfully establish aligned septate chambers in the mature heart [2] . During early embryogenesis, the heart also develops mechanically-from small foci of contracting cardiac progenitors, to a synchronous pump pushing blood through the circulation. How mechanical signals regulate cardiac development is a growing topic of interest. Experimental methods such as ex vivo embryo culture and microsurgeries have revealed that mechanical input is required for heart development, while loss of input can cause heart malformations and/or embryonic lethality [3] [4] [5] [6] . Though informative, the relationship between mechanical input and heart development is not well understood because of technological limitations to study the mechanical microenvironment at the cellular level in a living beating heart.
The ECM plays a central role in determining the mechanical properties of the heart and is involved in mechanotransduction during heart development [7] [8] [9] [10] [11] . Often referred to as 'cardiac jelly', the ECM is a complex network of proteins that reside between the endocardium and myocardium to modulate cell phenotype and guide tissue development. Fibrillar collagen, a main constituent of the ECM, provides structural integrity, acts as a cellsignaling intermediary, and provides mechanical resistance for cardiomyocytes to contract.
Previous work in cell culture assays and biomaterial experiments have demonstrated that mechanical input regulates collagen production and fiber organization [4, [12] [13] [14] [15] [16] [17] .
Visualization of fibrillar collagen in tissue through immunostaining can be challenging due to the variance between collagen subtypes, and its rod-like, rigid molecular structure which limits available epitopes for immunostaining. Additionally, the processing required for staining disrupts structural organization and makes identification of native structures challenging. However, due to their unique structure, collagen fibers can be visualized without labeling using second harmonic generation (SHG) microscopy. SHG microscopy is non-linear imaging approach that uses near-infrared light that interacts with non-centrosymmetric molecules, such as collagen. In a quantum effect, two photons of one frequency are combined to form one photon with double the frequency and half the wavelength. SHG microscopy is well established for investigation of fibrillar collagen networks in different tissues [18] [19] [20] , though its application in early mouse embryonic hearts has not been explored.
In this work, we investigate SHG microscopy as a means to assess complexity and organization of structural fibers, including collagen, in the embryonic mouse heart. Collagen is known to be the strongest generator of SHG signal, but since the sarcomeres, actin and microtubules contribute to SHG signal as well [19, 21] , in this manuscript we refer to SHG positive fibers in the heart as fibrillar structures rather than collagen fibers. We present a protocol for SHG microscopy of embryonic mouse hearts from the earliest stages of contraction, and demonstrate developmental and regional differences in fibrillar content and organization that coincide with areas of differential mechanical load. We coupled SHG and two-photon fluorescence imaging of EGFP to expand the potential of future investigations on cellular processes in the context of heart mechanical homeostasis. These results demonstrate that SHG microscopy reveals valuable structural information in early cardiogenesis and can be a valuable tool to investigate embryonic cardiac biomechanics in mouse models.
Materials and methods

Mouse lines and embryo manipulation procedures
All procedures involving animals were performed according to protocols approved by the Institutional Animal Care and Use Committee at the Baylor College of Medicine. To acquire mouse embryos of desired developmental stages, timed matings were set overnight, and females were checked every morning for a presence of a vaginal plug. When a vaginal plug is confirmed, it is counted as embryonic day (E) 0.5. In this study, we used embryos at developmental stages E8.5-E9.5. At the desired developmental stage, embryos were dissected out of the uterus as described previously [22, 23] . The dissection was performed in ice-cold phosphate buffered saline (PBS) (Sigma-Aldrich, Inc., St. Louis, MO, USA) pH7.4, and each embryo was collected in a glass vial filled with PBS kept on ice. Embryos were fixed in 4% paraformaldehyde/PBS (Electron Microscopy Sciences, Hatfield, PA, USA) at 4°C for one hour, washed three times in PBS for 10 min at 4°C, and stored in PBS at 4°C until imaging. Prior to imaging, embryos were positioned flat, ventral side up, and attached to a microscope slide or are mounted onto a 2% agarose bed and covered with a coverslip.
For experiments involving simultaneous imaging of SHG and two-photon fluorescence of EGFP, embryos were generated by crossing homozygous nTnG reporter mice [24] to homozygous Nkx2.5 IRES-Cre mice [25] , which resulted in EGFP nuclear labeling on Nkx2.5 positive embryonic cardiac cells.
Mlc2a null embryos with deficient cardiac contractility were generated by crossing heterozygous Mlc2a mice [26] . Embryos were processed for SHG imaging as described above, and yolk sacs were separated for DNA isolation and PCR genotyping.
Second harmonic generation, two-photon excitation, and brightfield microscopic imaging
SHG images were obtained with a Zeiss W Plan-Apochromat 20x/1NA water immersion objective on a Zeiss LSM7 multi-photon microscope with a tunable Chameleon Ultra II Ti:Sapphire laser (Coherent, Inc., CA, USA). SHG images were collected in the backwards direction. Validation of SHG imaging was performed using an FT445 dichroic mirror and a ZET405/20x filter (Chroma Technology Corp, VT, USA) with laser illumination set from 770 nm to 840 nm with 10 nm increments at 50% of power. Volumetric SHG imaging was performed using the FT445 dichroic mirror and the ZET405/20x or a BP380-430 filter with the laser set to 830 nm at 20-30% power. Simultaneous detection of SHG and two-photon excitation of EGFP fluorescence was performed using the FT490 dichroic mirror, the ZET405/20x filter for the SHG channel, and a BP500-550 filter for the EGFP channel. The laser was set to 830 nm at 20% of total power. Brightfield microscopic imaging was performed using a Zeiss Stemi 508 microscope at 5x magnification with a Zeiss Axiocam ERc5s camera.
All images were rendered in ZEN Blue (Carl Zeiss Inc., Thornwood, NY, USA) and Imaris software (Bitplane, Switzerland). Quantification of SHG positive fibrillar network in Mlc2a and control hearts was performed using open-source CT-FIRE V2.0 Beta software (https://loci.wisc.edu/software/ctfire) on maximum intensity projections of corresponding volumetric data sets.
Results and discussion
Validation of second harmonic generation imaging of fibrillar structures in the embryonic mouse heart
To confirm that the fibrillar structures observed in the images of the embryonic hearts were indeed produced by SHG, imaging was performed at different illumination wavelengths ranging from 770 nm to 840 nm at 10 nm increments using a narrowband emission filter 405/20 nm. Figure 1 presents the images of the same single plane within a ventricular heart wall of an E8.5 embryo. Since the wavelength of the SHG signal is one-half the illumination wavelength, using the 405/20 nm emission filter, the detection of the SHG signal is expected at illumination wavelengths of 790 to 830 nm. In Fig. 1 , the fibrillar structures are most apparent in the range from 800nm to 830nm with lower levels of detection at the border wavelengths of 790 nm and 830 nm. Beyond this spectral region, the fibrillar components in the images disappear, demonstrating that the fibers in the images of the embryonic hearts are produced by SHG rather than two-photon excitation autofluorescence, and that the SHG signal is dominant over the two-photon excitation in this spectral range.
SHG positive fibrillar content and organization change as the heart develops
The mouse embryonic heart starts to contract at E8.5, and within 24 hours undergoes extensive changes in morphology and function. To more precisely stage heart development, the number of embryonic somites is recorded since a pair is added every 90 minutes. First contractions start at approximately 3 somite stage, while the heart is a linear tube. Within 4-5 hours after the first contractions, the heart lumen expands and cardiac function becomes stronger as it starts to circulate plasma through the vascular system of the embryo and the yolk sac. At the same time, the linear heart tube breaks symmetry and starts to balloon rightward toward a "jogging heart" stage (Figs. 2(A)-(C) ). At 7-8 somite stage, first blood cells enter the circulation from the blood island. Figures 2(D)-(F) and Visualization 1 show corresponding changes in the content and organization of SHG positive fibrillar structures in the same embryonic hearts as in Panels A-C. SHG microscopy clearly shows a progressive increase in content and higher level of organization in fibrillar structures as the heart expands and undergoes cardiac looping. This demonstrates that SHG imaging reveals structural details heart fibers and can clearly differentiate changes in fibrillar organization within the developing heart at the earliest stages, which are not accessible with other approaches.
Third harmonic generation (THG) microscopy might provide complimentary information to SHG microscopy about molecular composition and structural components of developing embryonic hearts without staining. In contrast to SHG, THG microscopy picks up cellular and intracellular interfaces and optical heterogeneities in biological samples [27] [28] [29] as well as hemoglobin, which allows visualization of red blood cells [29, 30] . The potential of THG microscopy toward investigation of embryonic cardiac development is a subject of future investigations. 
Regional difference in SHG positive cardiac fibers
By 10 somite stage (about 10 hours after initiation of contraction), the heart beat becomes stronger, and blood circulation through the embryonic vasculature is well established. By this stage, the regional differences in SHG positive cardiac fibers becomes obvious (Fig. 3 and Visualization 2). Figure 3(A) shows a volumetric reconstruction of a 10 somite heart with a primitive ventricle and an outflow tract in view. The fibrillar organization is well resolved throughout the heart. Figures 3(B) and 3(C) show cross-sections through the 3-D data set at positions labeled in A, demonstrating that the imaging depth is sufficient for visualization of fibrillar network through the depth of the heart wall. The magnified views of the labeled regions within the outflow tract and the ventricle are shown in Figs. 3(D) and 3(E) , respectively. The ventricle, which is an actively contracting region, shows bright, well organized, and a clearly distinguishable network of fibers (Fig. 3(E) ). Conversely, the outflow tract is a passively contracting region. The SHG signal in the outflow tract is weaker, the fibers are not clearly distinguishable, and not as organized as those in the primitive ventricle. This observation suggests that cardiac fibers and their level of organization coincide with regions of higher mechanical load, potentially providing an opportunity to study structurefunction relationship in early cardiogenesis.
Interestingly, by this early stage, there is already heterogeneity of fibrillar organization in depth within the heart wall. For example, Fig. 3(F) shows the SHG signal within the same region of the ventricle as shown in Fig. 3(E) , but with a clipping plane at 15 um from the heart surface. Cropping the top layer from the reconstruction and exposing the underneath layer reveals that a top fibrillar network layer is dense and interconnected, while the fibers in the underneath layer are longer, thicker and more spaced out. These thicker longer fibers in the underneath layer could be a basis for trabeculation development in the ventricle. Abnormal development of trabeculation is associated with congenital heart defects [5, 31, 32] , and the presented approach could provide a useful tool to investigate the process of cardiac compaction and trabeculation in genetic mouse models.
Optical methods provide an advantageous opportunity to explore heart biomechanics because they are non-contact and can be used to manipulate mechanics within a physiological threshold. Currently, great advances are being made with optical methods such as cardiac laser-pacing and functional optical coherence tomography to analyze mechanics and function in the developing vertebrate heart [22, [33] [34] [35] [36] [37] [38] [39] [40] [41] . Integration of the SHG microscopy with these analyses will provide means to assess how contractility regulates the content and organization of structural fibers including the ECM protein collagen-a determinant of tissue rigidity and elastic recoil.
SHG microscopy of genetic mouse model with cardiovascular defect
Well established genetic tools to manipulate the mouse genome that recapitulate models of human disease have provided thousands of genetic mouse models linked to cardiac development and cardiac failure, serving as a tremendous resource to study embryonic heart failure in mouse models at early stages, which cannot be resolved during human development. To investigate whether SHG microscopy can provide useful insight for investigation of genetic mouse models with cardiac defects, we performed SHG imaging of hearts in Myosin light chain 2a (Mlc2a) knockout (KO) embryos. Mlc2a KO embryos exhibit reduced cardiac contractility and are embryonic lethal by approximately E11.0. We focused our analysis at E9.5, about 24 hours after initiation of contraction (Fig. 4 and Visualization 3) . Brightfield microscopic images of dissected hearts from the control and Mlc2a KO embryos are shown in Figs. 4(A) and 4(E) , respectively. The whole control and Mlc2a KO embryos are shown in Figs. 4(B) and 4(F) , respectively. By this stage, the morphological difference between the mutant and the control hearts becomes noticeable with the mutant heart showing signs of edema and improper looping. The corresponding 3D SHG microscopy images (Figs. 4(C) and 4(G) and Visualization 3) show a more developed fibrillar network in the atrium of the control heart with brighter, longer and more interconnected fibers. The SHG positive fibers in the Mlc2a KO heart are dimmer, shorter and less interconnected than in the control. Quantification of SHG positive fibrillar network shows the presence of longer and overall higher number of fibers in the control relative to the Mlc2a mutant (Figs. 4(D) and 4(H) ). These results support the biomechanical role of heart contraction in cardiac morphogenesis and demonstrate a potential for SHG imaging in structural assessment of mouse genetic models with cardiac defects. 
Simultaneous imaging of SHG and two-photon fluorescence of EGFP
Vital fluorescent proteins provide a valuable tool in biomedical research, as they allow for dynamic high-resolution visualization and tracking of cellular and subcellular processes without application of exogenous agents in vivo. A large variety of mouse lines carrying vital fluorescent reporters have been developed to investigate mammalian cardiovascular development and other physiological processes [42] [43] [44] [45] . By spectral separation, SHG signal can be distinguished from two-photon excitation fluorescence of vital fluorescent reporters, providing an opportunity for simultaneous imaging. Generally, the level of expression of vital fluorescent reporters can be pretty high, while the SHG signal in the embryonic hearts is rather weak since the fibrillar structures are not well developed at these stages. Therefore, we then wanted to determine whether the SHG signal in early embryonic hearts is strong enough for simultaneous SHG and two-photon excitation imaging of EGFP, the most commonly used fluorescent protein. Figure 5 and Visualization 4 show simultaneous imaging of fibrillar cardiac network (green) and EGFP-labeled nuclei (red) within the cardiac wall at E9.5. The same laser wavelength of 830 nm was used as the fundamental for SHG imaging and as an excitation wavelength for two-photon microscopy. While the EGFP fluorescence signal was very strong, the details of the SHG positive fibrillar structure are well resolved without noticeable bleed-through of the EGFP signal into the SHG channel. This demonstrates that SHG and two-photon microscopy of vital fluorescent proteins can be combined for cardiac embryonic imaging. While SHG microscopy in this work was done on fixed samples for consistency and validation purposes, potentially it could be optimized for imaging of live samples. Mouse embryos can be cultured on the imaging stage at E7.5-E10.0 stages and maintained live in static culture for up to 24 hours, which allows for the investigation of developmental progression during the same embryonic stages [22, 23, 46] . Since SHG microscopy is a point scanning technique, direct acquisition of volumetric SHG data sets from the heart is not possible while the heart is beating. Cardiac contractions could potentially be stopped in live embryos for short intervals of time to allow for SHG acquisition. This could be done, for example, by the administration of Blebbistatin, which is commonly used to investigate conduction dynamics through optical mapping [47] . Alternatively, by taking advantage of the periodicity of the cardiac movement, one might be able to optimize gated acquisition of the SHG signal at the same phase of the cycle without stopping the contractions. Multiple retrospective and prospective gating algorithms have been developed for volumetric imaging of the beating embryonic zebrafish and mouse hearts with fluorescence microscopy and optical coherence tomography [48] [49] [50] and could potentially be implemented for SHG imaging in the beating heart. SHG microscopy allows for imaging through the entire depth of the heart wall at early stages (until about E10.5). At later stages, as the heart grows, the imaging depth of SHG microscopy becomes a limitation. Potentially, imaging depth could be increased by application of clearing agents. Among others, a group of Prof. Valery Tuchin has made significant progress in development and application of tissue clearing compounds [51] [52] [53] [54] [55] [56] [57] , which have been shown to increase imaging depth for different optical imaging methods and biological applications. Applicability of these agents for SHG imaging in mouse embryonic hearts is to be tested in future studies.
Summary
This paper presented SHG microscopy of fibrillar structures in mouse embryonic hearts. We demonstrated that the fibers are detectable from the earliest stages of heart contraction, and their content and organization increase significantly through the first 24 hours of heart development. SHG microscopy can clearly differentiate between fibrillar structures in different cardiac regions by as early as 10 somite stage (about 10 hours after initiation of contraction) with higher level of organization in regions of higher mechanical load. We implemented SHG microscopy in mouse model with a cardiac contractility defect, revealing reduced fibrillar content and organization. Simultaneous volumetric SHG and two-photon excitation microscopy of EGFP was demonstrated. In summary, these data suggest that SHG microscopy might be a valuable tool in investigation of biomechanical regulation of cardiac development in genetic mouse models.
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